Three novel sulfur-containing polyurethanes (PUs) as macrophotoinitiators, hydroxyl-terminated PUa and PUb, and amino-terminated PUc, were synthesized through polycondensation of a novel diamine 4,4 ' -bis[(4-amino)thiophenyl]benzophenone (BATPBP), isophorone diisocyanate (IPDI) and N-methyldiethanolamine (MDEA). The beznophenone and coinitiator amine structures were successfully introduced into the backbones of PUs. FT-IR, 1 H NMR, GPC and DSC analyses confirmed their structures and properties. UV-vis spectra indicate that the macromolecular structure nearly has no influence on their UV-vis absorptions. A trifunctional monomer of trimethylolpropane triacrylate (TMPTA), initiated by these macrophotoinitiators with a low-molecular-weight photoinitiator system (benzophenone/MDEA) as the reference, was studied through photo differential scanning calorimetry (photo-DSC). The results show PUa is the most efficient photoinitiator and the molar content of coinitiator amine in PUs has an important effect on their photoefficiency.
Introduction
In order to circumvent the inherent drawbacks, such as odour, yellowing and migration in post-cured materials, derived from conventional low molecular weight photoinitiators, macrophotoinitiators have drawn remarkable interest recently [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , because of their ability in reducing the migration of the species and attaining high photoefficiency. Macrophotoinitiators, which contain pendant or in-chain chromophores, have been classified as two types: photofragmentation (type I photoinitiators) and hydrogen abstracting chromophores (type II photoinitiators). Among them, benzophenone (BP) derivatives are well known type II photoinitiators in vinyl polymerization, and their photoefficiency can be promoted in the presence of a hydrogen donor such as tertiary amines [10, 17, 18] . However, the coinitiator amines, due to the disadvantages of odour, toxic, migration and mutagenicity, are sometimes more harmful to the environment and the stability of final product than the low molecular weight photoinitiators. Therefore, it may be very attractive to introduce both BP and coinitiator amine into a same polymer chain: firstly, the intramolecular proton/electron transfer will form more free radicals than the intermolecular ones [8] ; secondly, the polymer chain can limit the termination of active species [19] [20] [21] [22] ; finally, there may be low contaminants released in the photo-curing process and no migration in the final products.
In recent years, many thio-containing aromatic systems for photopolymerization have been reported [7, [23] [24] [25] [26] [27] . Aside from the bimolecular hydrogen-abstraction reaction, the C-S bond will be cleaved upon irradiation and subsequently form two radicals, which will be favourable to promote the efficiency of the photoinitiating systems [23] .
As for the UV-curable coatings, polyurethane (PU) probably is one of the most widely used in industrial applications, because of their well-balanced properties such as high impact and tensile strength, abrasion resistance, toughness and excellent resistance to chemicals and solvents [28] . The key problem in PUs is the molar ratio between isocyanate group (NCO) and hydroxyl group (OH). PUs are typically prepared via prepolymer mixing process by varying the molar ratio of NCO/OH, because their properties are easily tailor made [29] .
In this context, taking into account of the advantages of macrophotoinitiators and their applications in PU-based UV-curable systems, we provide a facile method to achieve functional PU-type macrophotoinitiators and synthesized three novel thiocontaining, hydroxyl-terminated or amino-terminated polyurethanes (PUs) as macrophtoinitiators through polycondensation. Both a novel diamine monomer of 4,4'-bis[(4-amino)thiophenyl]benzophenone (BATPBP) [30] and coinitiator amine of N-methyldiethanolamine (MDEA) were incorporated into the backbone of the polymers. These PUs, due to the residual hydroxyl or amino group, can work both as efficient macrophotoinitiators and functional prepolymers. UV-Vis spectra and photopolymerization study of trifunctional trimethylolpropane triacrylate (TMPTA) by photo differential scanning calorimetry (photo-DSC) were studied to investigate their photochemical behavior. The effect of molar ratio between BATPBP and MDEA on their photoefficiency was also studied.
Results and discussion

Synthesis
The purpose of this paper is to provide a facile way to achieve functional PU-type macrophotoinitiators. Through polycondensation, PUs containing functional hydroxyl or amino group were successfully achieved; that is, these PUs can work both as efficient macrophotoinitiators and prepolymers. As macrophotoinitiators, they may greatly reduce the migration of active species. Meanwhile, as prepolymers, they can further react with other monomers. For example, if these prepolymers were used to synthesize even higher molecular weight PUs applied in UV-curable systems, they may undergo self-initiation process upon UV light without addition of any photoinitiators. This is a facile way to obtain environmental-friendly polymeric materials. It is also important, of course, to understand molar ratio effect between BP moieties and the coinitiator MDEA in these macrophotoinitiators.
By varying the molar ratio of hydroxyl group (OH)/isocyanate group (NCO) or amino group (NH 2 )/NCO, different molecular weight PUs can be well acquired. Thiocontaining macrophotoinitiators were synthesized through two steps according to Because of the powerfully higher activity of NH 2 in contrast to OH, the reaction between NH 2 and NCO was carried out at room temperature for 1 h. Data concerning synthesis and properties of all the prepared macrophotoinitiators are presented in Tab. 1 and 2. , the signal of other carbonyl groups around 1700 cm -1 from amido groups (C=O of -NH-CO-) verified that PU structures were successfully built. Furthermore, the occurrence of CH 3 and CH 2 absorption between 2950 cm -1 and 2850 cm -1 also verifies that MDEA and IPDI were introduced into the macromolecular backbones. In particular, the appearance of the signal related to methylene (CH) group in 
UV-Vis spectra
UV absorption spectra of the three macrophotoinitiators in chloroform are shown in Fig. 4 using BATPBP as the reference. Their maximal absorption (λ max ) and the logarithmic values of molar extinction coefficient at λ max (logε) are summarized in Tab. 3, which are important in terms of their photochemical activity. These macrophotoinitiators exhibit the usual characteristic absorption of BATPBP with a maximum at 329 nm, which shows that the macromolecular structure and coinitiator amine have no significant influence on the UV-vis absorption of BP moieties in macrophotoinitiators. Transitions of BPs in the region of 250-300 nm are well known to belong to the main benzenoid π-π* type transitions [31] . Notably, the introduction of thiophenyl groups markedly red shifts their main absorption maximum to near 330 nm, probably because of the increased electron donation via the thio group [32] . This red-shifted maximum makes these macrophotoinitiators attractive as photoinitiators, suitable for UV-curing near the visible light. 
Photopolymerization of TMPTA
Photo-DSC profiles of TMPTA initiated by the three macrophotoinitiators, with BP/MDEA system as the reference, are shown in Fig. 5 . The data of maximal polymerization rate (R pmax ), maximal heat flow (H max ), time to reach maximal heat flow (T max ) and final conversion of TMPTA are summarized in Tab. 4. The results verify these macrophotoinitiators can efficiently initiate the photopolymerization and their behaviours appear similar to other multifunctional monomers [33, 34] . Undoubtedly, these PUs can undergo self-initiation if they are further introduced into another UV-curable polymeric backbones as prepolymers. This would be very amusing in UV-curable systems, especially for the UV-curable PU coatings and adhesives. It is well accepted that the bimolecular H-abstraction reaction is chemically controlled [35] . However, when the reaction goes on, the increased cross-linking level will eventually limit the monomer mobility, and then the propagation reaction may become diffusion controlled along with radical termination [8, 35, 36] . Photo-DSC study on the cross-linking of TMPTA is a very rapid process, in which gelation often occurs at an early stage of the reaction. The formation of such gel structure may restrict the diffusion and mobility of radicals [8] , resulting in a very short time to reach the R pmax .
Fig. 6. Proposed initiation mechanisms for macrophotoinitiators.
The bimolecular H-abstraction reaction between BP and MDEA leads to the formation of a radical produced from a carbonyl compound (ketyl-type radical), and another radical derived from MDEA [37] , as shown in Fig. 6 . The ketyl radicals are usually less reactive toward vinyl monomers because of the delocalization of unpaired electron and the steric hindrance [8] . Therefore, amine radicals will mainly affect the photopolymerization. Meanwhile, photolysis reaction may also take place at the C-S bond as shown in Fig. 6 . From Tab. 4, PUa is the most efficient macrophotoinitiator. These macrophotoinitiators show increased photoefficiency with the increasing content of MDEA, which indicates that the coinitiator amine has obvious effect on the photoefficiency of these macrophotoinitiators.
From Fig. 5 and Tab. 4, the polymerization rate of BP system is faster than PUa system at early stage, but slower at later stage. This result can be ascribed to the mobility difference between macrophotoinitiator and its low molecular weight counterpart. At early stage, the mobility and activity of macromolecular radicals may be relatively lower than low molecular amine radicals, leading to slower polymerization rate and longer time (T max ) to reach the maximal polymerization rate (R pmax ) for PUa system. Meanwhile, because of the relatively lower activity of macromolecular radicals, it may form a three-dimensional gel structure with lower crosslinking density than that of BP system. As the polymerization proceeds, both macromolecular radicals and double bonds will be restricted by the increasing crosslinking level. Therefore, the propagation reaction may become diffusion controlled along with radical termination. In this condition, due to the low crosslinking density of gel structure formed at the early stage, the polymerization rate of PUa system may decrease slowly as compared with BP system. In addition, the good compatibility of the macrophotoinitiator with PU prepolymer may favor the mobility of macromolecular radicals. Therefore, the polymerization rate of PUa system is faster at the later stage. As a result, PUa system possesses a much higher final conversion of TMPTA than BP system.
Compared with other macrophotoinitiators reported in our previous works [11, 12, 25] , theses Pus, especially for PUa, can also initiate TMPTA efficiently. Moreover, because two flexible thio groups directly link to BP moieties, the main chain of PUa may be very flexible, leading to better compatibility with photocuring resins. Therefore, it is convenient for PUa to achieve evenly cured products and attain high conversion of curing resins. In a word, PUa may also be very attractive for photopolymerization.
Conclusions
In this paper, three novel thio-containing macrophotoinitiators comprising in-chain BP and coinitiator amine, hydroxyl-terminated PUa and PUb and amino-terminated PUc, were synthesized through polycondensation of BATPBP, IPDI and MDEA. UV-Vis spectra showed that the macromolecular structure has no obvious effect on their maximal absorption compared with the parent BATPBP. Photopolymerization of TMPTA, initiated by these macrophotoinitiators with a low-molecular-weight photoinitiator system (BP/MDEA) as the reference, was studied through photo-DSC. The results show that PUa is the most efficient photoinitiator and the molar content of MDEA in PUs has an important effect on their photoefficiency. These PUs can work both as efficient macrophotoinitiators and prepolymers, which might possess greatly applied potential in UV-curable coatings.
Experimental part
Materials N,N-dimethyllformamide (DMF), dibutyltindilaurate (T 12 ), tetrahydrofuran (THF) (from Sinopharm Chemical Reagent Co., Ltd), isophorone diisocyanate (IPDI) (from Acros), N-methyldiethanolamine (MDEA) (from Kewang Chemical Reagent Company), trimethylolpropane triacrylate (TMPTA) (from Nantong Litian Chemical Company) were used as received. 4,4 ' -Bis[(4-amino)thiophenyl]benzophenone (BATPBP) were synthesized according to our previous work [30] . Other chemicals are of analytical grade except as noted.
Synthesis of hydroxyl-terminated thio-containing polyurethane (PUa and PUb)
In a three-necked flask equipped with a nitrogen pad, 1.11 g (5.0 mmol) IPDI was dissolved in 8 mL DMF. Under mechanical stirring, a solution of 1.07 g (2.5 mmol) BATPBP in 10 mL DMF was added dropwise through a dropping funnel in 10 minutes. After stirring at room temperature for 1 h, it was heated at 50 C for additional 1 h to complete the polycondensation of IPDI and BATPBP. 5 mL DMF solution containing 0.6 g (5.0 mmol) MDEA and a drop of T 12 was added into the flask, and then the temperature was kept at 60-65 C for additional 5 h. After cooled down to ambient temperature, the mixture was poured slowly into 180 mL ice-cold water to precipitate the product. The precipitate was obtained by filtration and washed three times with water. The product was dried under vacuum at 50 C for 48 h to yield 1.76 g hydroxyl-terminated thio-containing PUa.
1.34 g (6.0 mmol) IPDI was dissolved in 10 mL DMF. Under mechanical stirring, a solution of 1.28 g (3.0 mmol) BATPBP in 10 mL DMF was added dropwise through a dropping funnel. Work-up was similar to that given for PUa. 5 mL DMF solution containing 0.54 g (4.5 mmol) MDEA was added into the flask. With the similar procedure by varying the feed, 2.59 g hydroxyl-terminated thio-containing PUb was achieved.
Synthesis of amino-terminated thio-containing polyurethane (PUc)
In a three-necked flask equipped with a nitrogen pad, a mixture of 0.40 g (3.4 mmol) MDEA, a drop of T12 and 1.51 g (6.8 mmol) IPDI was dissolved in 10 mL DMF. The mixture was heated at 60-65 C for 5 h to complete the polycondensation of IPDI and MDEA. After cooling down to ambient temperature, a solution of 2.18 g (5.1 mmol) BATPBP in 10 mL DMF was added dropwise through a dropping funnel in 10 minutes and stirred at room temperature for 1 h, and then it was heated to 50 C for additional 1 h. After cooled down to ambient temperature, the mixture was poured slowly into 200 mL ice-cold water to precipitate the product. The precipitate was obtained by filtration and washed three times with water, and dried under vacuum at 50 C for 48 h to yield 2.08 g amino-terminated thio-containing PUc. 
